The isobaric heat capacities, C p;m , for BaMoO 4 at 2300 K were measured by the relaxation method. The third law entropy, S m , was determined via the Debye-Einstein function into which the Debye temperature, # D , as physico-chemical constant and a thermal expansion term were incorporated. # D was determined from C p;m at very low temperatures. The obtained thermodynamic properties were: S m (BaMoO 4 (cr), 298.15 K)/J K ¹1 mol ¹1 = 152.69 « 1.53; # D (BaMoO 4 (cr))/K = 295 « 3. The phase stability of BaMoO 4 was discussed on the basis of its standard Gibbs energy of formation, Á f G m . It was derived by combining S m determined in this study with the reference data of the standard enthalpy of formation, Á f H m . The thermodynamic properties obtained in the present study can be used for evaluating the hierarchy for formation of the yellow phase related-substances in nuclear waste glasses.
Introduction
Molybdenum is generated as fission product from uranium in the operating nuclear reactor. It is a harmful element as it forms hygroscopic crystals, known as "yellow phases" in borosilicate nuclear waste glasses. The host crystals of the yellow phases are Na 2 MoO 4 15) and CaMoO 4 , 46) depending on the composition and process for making the nuclear waste glasses. 16) In order to understand the phase stability of the yellow phases, the thermodynamic properties for the end members should be inevitably necessary. Weller and King 7) measured the isobaric heat capacities, C p;m , at 50300 K for Na 2 MoO 4 and CaMoO 4 . Their third law entropies, S m , at 298.15 K were estimated by extrapolating the C p;m data measured over 50 K into absolute zero via Debye-Einstein functions. 8, 9) Gavrichev et al. 10) re-measured the C p;m data for Na 2 MoO 4 at 12300 K and re-determined its S m at 298.15 K directly on the basis of the thermodynamic third law. Singh et al. 11) measured the high temperature C p;m data for BaMoO 4 by drop calorimetry. The enthalpies of formation at 298.15 K, Á f H m , for Li 2 MoO 4 , 12) Na 2 -MoO 4 , 13, 14) Rb 2 MoO 4 , 15) Cs 2 MoO 4 , 16) CaMoO 4 , 17) SrMoO 4 18) and BaMoO 4 18,19) were measured by solution calorimetry by O'Hare 12, 15, 16, 19) Graham et al., 13) Koehler, 14) Barny, 17) and Shukla and Prasad. 18) The thermodynamic cycles for such a solution calorimetry were recently reevaluated by Gamsjäger and Morishita. 20) Regarding the yellow phases related substances, Pankajavalli et al. 21) as well as Singh et al. 22) and Samant et al. 23) investigated the standard Gibbs energy of formation, Á f G m , of ZrMo 2 O 8 by electromotive method 21, 22) and transpiration method.
23)
Zr 2 MoO 8 results from the zirconium component in the alloys as nuclear fuel cell constituents. In our previous studies, the thermodynamic properties for SrMoO 4 24) and NiMoO 4 25) were determined. NiMoO 4 results from the nickel component in the heat-resistant alloys for the nuclear fuel cell constituents. The S m data at 298.15 K for SrMoO 4 24) and NiMoO 4 25) were determined by measuring the C p;m data from 2 K by the recent developed relaxation method.
2628) Because a small amount (530 mg) of a sample to be enough to measure C 25) Barium is one of the element as fission product from uranium. Its low temperature C p;m has not yet been measured. In the present study, the third law entropy, S m , of BaMoO 4 has been determined by measuring the C p;m data by the relaxation method 2936) for the first time. The phase stability of BaMoO 4 was discussed from Á f G m derived by combining S m obtained in the present study with Á f H m re-evaluated by Gamjäeger and Morishita, 20) compared with ones of other end members of the yellow phases, SrMoO 4 , 18, 20, 24) and the related molybdates, NiMoO 4 25) and Zr 2 MoO 8 .
2123)
2. Experimental
Starting materials
Commercial powder of BaMoO 4 (99.9%, Jonhson Matthey Co. UK) was used as the starting materials. Each powder was pressed in a steel die with 196 MPa to form powder compacts (º10 © 5 mm). The powder compacts were sintered by heating up to 973 K with 10 K·min ¹1 held for 2 hr. The Xray diffraction (XRD) patterns confirmed that the sintered bodies are composed of the mono-phase. The samples were submitted to the C p;m measurement.
Low temperature C p;m
The heat capacities, C p;m , for BaMoO 4 were measured in the temperature range 2300 K by using a relaxation method instrument (model PPMS, Quantum Design, San Diego, CA).
2527) The principle and procedures for the relaxation method were described in our previous studies. 24, 25) Two samples (¼ $ 2:5 Â 2:5 Â 1 t mm) were prepared by polishing the sintered bodies. Three series measurements were carried out for each sample. The average of the six series, i.e. sum of each three series was adopted as the result. Figure 1 shows the measured C p;m values for BaMoO 4 at 2300 K. They were found to be closed to zero as a function of temperature, following the thermodynamic third law. Over 20 K, it increased rapidly due to active lattice vibration. About 300 K, C p;m were found to follow Neumann Kopp's rule. Tables 1 and 2 shows the measured C p;m values for BaMoO 4 and the error budget table 41) at representative temperatures, respectively. In Table 2 , the standard deviations, ·ðC p;m Þ, of the six times measurements at representative temperatures. The uncertainties of them, · c ðC p;m Þ, were evaluated as percent of twice of ·ðC p;m Þ against C p;m to obtain 95% reliability on the basis of GUM, 40, 41) given by (4) and Table 3 . Table 1 The experimental molar heat capacities, C p;m , of BaMoO 4 at 2300 K. In our previous study, 25) the biases between the measured C p;m values for Cu, Mg, Zn as well as NiO and their standard reference data 4245) were found to be less than 0.7% over 100 K and 1.7% at 50 K. The present statistical · c ðC p;m Þ indicating from 0.13 to 0.95% appears to be correlated with such biases from the standard reference data.
Results and Discussion
At very low temperatures, isochoric heat capacity, C V,m , can be approximately expressed as eq. (2) due to that almost phonons occupy near ground states, 46) where n is the number of atoms in the formula unit.
Since C V,m and C p;m are very similar at very low temperatures, 47) eq. (2) can be re-written as eq. (3), meaning that # D can be calculated at very low temperatures at which
T is in proportion to T 2 : 
where Dð 24, 49) Sum of m and n should be closed to six, that is, the number of the atoms of the molecular formula, BaMoO 4 . 24, 49) The term: A 1 T þ A 2 T 2 is necessary for fitting difference between C p;m and isochoric heat capacity C V;m . 24, 4851) For data of sufficient quality at 250 K for BaMoO 4 , the term:
is acceptable, being similar to low temperature data for CaTiO 3 . 49) X 1 is parameter defined from the following switch function 24, 49, 50) 
that the parameter X 1 switches 24, 49, 50) the first term off and second term on with a sharpness controlled by ¡ at 50 K.
The adjustable parameters, # E , m, n, A 1 , A 2 , B 1 , B 2 and B 2 in eq. (4) are optimized to reproduce the experimental C p;m data. Table 3 The third law entropy, S m , at 298.15 K were determined from integral of the present Debye-Einstein function as 25) as:
Pankajavalli et al. 21) and Singh et al. ]. In real nuclear fuel glass wastes, the reaction between components such as BaO, SrO, NiO as well as ZrO 2 and component of MoO 3 in the glasses to precipitate crystal of complex molybdate M ¡ Mo ¢ O 3¢+» should be discussed.
When reaction between BaO, SrO as well as NiO (in glass) and MoO 3 (in glass) to precipitate BaMoO 4 , SrMoO 4 , and NiMoO 4 , the set of index is as: M is Ba, Sr and Ni; ¡ is 1, ¢ is 1 and » is 1. When reaction between ZrO 2 (in glass) and MoO 3 (in glass) to precipitate ZrMo 2 O 8 , the set of index is as: M is Zr; ¡ is 1, ¢ is 2 and » is 2. Á r G is change in Gibbs energy to precipitate the complex molybdates. When Á r G < 0, precipitation of the complex molybdates is caused. When Á r G > 0, decomposition of the complex molybdates by dissolving into the glass matrix. When Á r G ¼ 0, such a precipitation and decomposition are equilibrated with altogether. The Á r G is defined as from the standard Gibbs energy of reaction, Á r G , and the activities, a, of the components in the glass. Table 4 The thermodynamic values obtained for BaMoO 4 in the present study. 
Where a(M ¡ Mo ¢ O 3¢+» ) of pure substance is defined as unity and K is equilibrium constant namely
When such a precipitation and decomposition are equilibrated with altogether, that is, Á r G ¼ 0, K is expressed as a function of Á r G , namely
K reflects critical thermodynamic condition of precipitation or decomposition. That is, K is a measure of the hierarchy of preferential precipitation of the yellow phases. The Á r G data associated with the end members for yellow phases were calculated by combining the Á f G m data for BaMoO 4 obtained in this study as well as for SrMoO 4 52) and SrO (= ¹559.939 « 0.914
52) The Á r G data associated with formation of the transition metal complex molybdates were calculated by combining the Á f G m data for NiMoO 4 determined by calorimetry 25) as well as for ZrMo 2 O 8 as the weighted mean of the data by electromotive method 21, 22) and transpiration method 23) 8 . Formation of the yellow phases is concluded to be hardly depressed by addition of transition metal oxide such as NiO and ZrO 2 from view of equilibrium theory. Therefore, during waste glass making, enough cooling rate to immobilize the ionic species to form the yellow phases in glass structure should be kept for depressing their crystallization.
Conclusion
The isobaric heat capacities, 4 and SrMoO 4 were found to be more stable than the transition metal molybates, NiMoO 4 and ZrMo 2 O 8 . Therefore, during nuclear waste glass making, enough cooling rate to immobilize the ionic species to form the yellow phases in glass structure should be kept for depressing their crystallization. 
